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The purpose of this research is to hydraulically characterize an engineered 
wetland in Albany, Oregon. The wetland receives treated wastewater from both 
Albany Millersburg Water Reclamation Facility (AMWRF) and ATI Wah Chang. 
AMWRF’s water is municipal waste water. ATI Wah Chang’s water comes from its 
nearby metal processing plant. The wetland is designed to remove thermal input 
as well as nitrogen species from both sources. ATI Wah Chang effluent has 
significant nitrate concentrations. 
A reliable model is needed to estimate the denitrification potential of the 
wetland. In order to construct a model, accurate hydraulic parameters such as 
residence time and flow rate are needed. In the first few days after ATI started 
flow, the aquatic conductivity level of the wetland increased significantly. 
Conductivity was used as a tracer to estimate residence times in the wetland as 
well as to measure the split ratios from different water sources in the wetland 
(ATI Wah Chang and AMWRF). A pilot test on conductivity and flow rate was 
carried out on a single pond. The pilot test was designed to accurately measure 
the influent and effluent from a single pond. Using this information, rates of 
infiltration as well as unintended flow paths could be identified. A third tracer 
test was performed using Rhodamine W.T. This test allowed for the 
determination of the residence time of each pond, the wetland as a whole, and 
identified stagnant zones within the ponds.  To simulate the nitrogen transportation and transformation process, a numerical 
model was developed. The model’s input parameters include reaction rate 
constants for nitrification and denitrification, volume of each pond, flow rate, 
flow path connections, and temperature. The model simulated the tracer test that 
was performed on the wetland to verify its accuracy. The model is also capable of 
predicting denitrification potential in both pilot scale and field scale. It is also 
temperature sensitive because temperatures vary significantly; for instance, in 
winter when the average temperature in Albany is <5°C, denitrification rates 
decrease significantly.  
Through this research, hydraulic characterization as well as current 
denitrification rates in the wetland were identified. Strategies for increasing the 
denitrification rate were also identified through this research.  
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1.  Introduction 
  Project Background  1.1
The Talking Waters Gardens (TWG) wetland was located in Albany, Oregon, near 
Albany-Millersburg Water Reclamation Facility (AMWRF). It was designed to 
decrease the temperature of effluent water from the waste water treatment plant 
load to the river may disturbances in the river’s ecosystem and riparian habitats 
close to Albany. AMWRF has a diurnal flow rate and a monthly average TKN 2.9 
mg/L of ammonia, nitrites and nitrates in November, 2011. ATI Wah Chang is a 
metal processing facility. The effluent released from ATI Wah Chang is rich in 
metals, nitrates, nitrites, ammonia and flows into TWG. Depending on the 
chemical processes occurring in ATI, the nitrate input ranges from 7.1-28.1 mg-
N/L, the ammonia input ranges from 5.3-21.8 mg-N/L, and the nitrite input 
ranges from 12.3-20.7 mg-N/L. In order to meet the potential Total Maximum 
Daily Loading (TMDL) for heat requirement on the Willamette River, the TWG 
system was implemented. TWG was not specially designed to remove nitrates 
and other cationic metals. It is important to remove as many of these compounds 
as possible to reduce the effect of ATI as well as AMWRF on the local ecosystems. 
In this work we examine the possibility of nitrate removal by sedimentation, 
plant uptake, and biological nitrate removal as well as potential carbon sources 
that can be used effectively without harm to the ecosystem. Figure 1.1.1 indicated 
that the locations of the facilities and the TWG. 2 
 
 
Figure 1.1.1 Overview of TWG, ATWRF and ATI Wah Chang 
There are ten basins and twenty two influent/effluent sites in total in the TWG 
wetlands (Figure 1.1.2). The Albany waste water treatment plant effluent started 
in July 2011 with an average flow rate of 5 MGD. Effluent from ATI Wah Chang 
started at 1.5 MGD on 4th October, 2011. In the initial stages there was little 
effluent from the wetland to the Willamette River. The main reason for this is the 
infiltration to grand the water in the wetlands. Figure 1.1.3 indicates the 
processes involved in the TWG.  
AMWRF 
TWG 
ATI Wah 3 
 
 
Figure 1.1.2 Basins and Influent/Effluent sites location in TWG 
 
 
Figure 1.1.3 Processes involved in TWG (Publically available from City of Albany) 
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  Objective  1.2
TWG is primarily designed to reduce the temperature of AMWRF effluent to 
protect the local eco systems in the Willamette River. Removing nitrates and 
other metals from this ecosystem through natural processes is also a goal for 
these wetlands. The objective of this research is to examine the potential for the 
TWG to remove nitrate from effluent waters. Hydraulic characterization of TWG 
is essential to this research. By distinguishing the flow paths, the residence time 
of each flow can be calculated and flow rate in each pond can be obtained. 
Knowing these things allows the nitrate removal potential of the wetland to 
become apparent. An accurate description of water flow in the wetland is needed 
in order to formulate a reliable model of water flow. Landscape and elevation 
must also be taken into consideration when making the diagrams. Based on the 
hydraulic model of the wetlands, a denitrification model can be developed. The 
denitrification model is based on several abiotic factors such as water 
temperature, hydraulics, as well as the presence of carbon sources within each 
pond. The influent in the system is from AMWRF and ATI. Both have low carbon 
concentrations in their water.  
Denitrification in TWG is a heterotrophic process which requires a certain carbon 
concentration in order function optimally. Currently there is little nitrate removal 
because of the poor carbon supply in the system.  A steady carbon source for the 
wetlands over a long period of time would allow for increased nitrate removal. 
Once a good external carbon resource is offered, the denitrification rate for the 
TWG wetland is expected to increase.  The carbon source might have an impact 
on hydraulic characterization (change flow path, reactor type etc.). This in turn 
would alter the hydraulic diagram as well as the denitrification model. 
A good model is able to predict outcomes within the wetland when conditions 
change. The objective of this research is to build a hydraulic model as well as a 
denitrification model that captures the major phenomena in TWG. A model of this 5 
 
type must be able to calculate rates of nitrate, nitrite, and ammonia removal as 
well as adjust these calculations in response to changes in simulated water flow.  
A tracer test on the whole wetland scale has been carried out. The tracer must 
have a low degradation rate due to long stagnant periods in some ponds. It must 
also be chemically unreactive and must be able to distinguish itself in water 
samples with a variety of variables such as pH, salinity, and temperature. The 
tracer must be easy to detect and have a low detection limit because of the large 
quantities of water being tested. Rhodamine W.T. is a florescent tracer which has 
low detection limits and easy measurement. The tracer test will show the exact 
residence time of individual ponds, flow splits, flow paths and stagnant zones. 
This tracer test and data retrieved using it can be used to validate the model.   
To achieve the objective, several sampling events were carried out. A whole 
wetland scale test was carried out at the beginning stage of ATI flow to measure 
the conductivity step change. Conductivity was used as a tracer to measure the 
residence time of each pond in the TWG system.  The pilot test measured 
nitrogen species concentrations within NLM Pond. These measurements assisted 
in the validation of the model’s (in winter mode) nitrate removal predictions. A 
tracer test was carried out to estimate the active volumes of each pond. A 
numerical model was developed to simulate the system using this data. 
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2.  Literature Review 
  Nitrogen Cycle  2.1
Nitrogen accounts for 78% of earth’s atmosphere. The nitrogen cycle involves  
several reactions performed by different enzymes and microorganisms. The 
concerned processes in this research are nitrification and denitrification 
reactions.  
Nitrification is the process in which ammonium oxidized to nitrate via nitrite. 
Denitrification is the process in which nitrate is reduced to nitrogen via N2O. 
Figure 2.1.1 shows the general transformation of nitrogen species (Richardson, et 
al., 2009). 
 
Figure 2.1.1Nitrogen cycle graph 
 
Nitrogen is an important fertilizer used in agriculture. Therefore the nitrogen 
cycle is studied in many disciplines. The rate of the nitrification relies on the 
distribution of ammonia-oxidizing bacteria (AOB). AOB have a large distribution 7 
 
in the environment and are affected by DO levels, temperature, salinity and 
substrate concentration (Bouskill, et al., 2012).  
Nitrate immobilization by soil is an important source for dissolved inorganic 
nitrogen in surface water. Important hydrologic sources of nitrogen for the soil 
are surface water loads of nitrate and ammonium (Troxler and Childers, 2010). 
Surface water contains more carbon than deeper water. Denitrification potential 
is higher in surface water where sediments have high porosities. (Hill and 
Cardaci, 2004)Denitrification is an important process to remove excess nitrate in 
the system. The final product of denitrification is nitrogen gas. It is hard to 
quantify the reaction rate of denitrification by measuring the final product. It is 
difficult to identify the amounts of nitrogen in a natural system that are 
transformed (Burgin and Groffman, 2012). Constructed wetlands are commonly 
used to remove nitrogen from wastewater. In the nitrogen cycle, N2O gas is an 
intermediate product that can help quantify the denitrification process. N2O is a 
harmful greenhouse gas. Aeration and plant cover in wetlands helps prevent the 
greenhouse gas emission (Maltais-Landry, et al., 2009). The nitrogen cycle in 
wetland soils is thought to be highly sensitive to variations in soil moisture. As 
wetland soils become anoxic, nitrification is reduced or eliminated. At the same 
time denitrification may noticeably increase (Yu and Ehrenfeld, 2009).  In order 
to model a nitrogen removal under a certain situation, it is important to obtain 
the topographic information and structures in the system as well as its hydraulic 
features. Structure placement within a wetland may also affect the nitrogen loss 
within a system (Gergel, et al., 2005).  
  Wetland Denitrification  2.2
Wetlands are an environmental friendly and cost effective method to remove 
excess nitrate in wastewater or do secondary treatment. For wetlands only 
receives ammonia as nitrogen source, areas constantly filled with water has an 
undetectable denitrification rate but exposed area has a good denitrification rate. 
When nitrate was supplied as nitrogen source, nitrogen removal rate in flooded 8 
 
area was still lower than exposed area, 0.13 to 0.26 µg N cm-3 h-1 and 0.77 to 1.5 
µg N cm-3 h-1 respectively (Akatsuka and Mitamura, 2011). The flooded area in a 
riverine wetland can reach higher denitrification potential than a steady flow 
zone. The flooding zones have a high removal rate compared with dry zones on 
the edge. The areas near influent have a higher removal rate compared with 
areas near effluent. Flood dynamic, nitrate concentrations and soil temperature 
are three important factors controlling denitrification rates in riverine wetlands 
(Hernandez and Mitsch, 2007).  As the riverine wetlands developing, the organic 
matter in the wetland will change in both amount and quality. The more 
developed the wetland is, the more diverse the organic carbon it is in the 
wetlands. After developing ten years, the denitrification potential improved 25 
folds in the wetland (Hernandez and Mitsch, 2007). The hydraulic 
characterizations of wetlands are one of the attributes by which they are defined. 
Residence time is important to nitrate removal capability. One study showed that 
denitrification potential and bio organism populations are heavily affected by 
nitrate concentration and hydraulic residence time (Kjellin, et al., 2007). Another 
study showed nitrate concentration and hydraulic residence time would only 
affect denitrification rate but not the bio community structures and populations 
(Song, et al., 2010). However, another study found that the sample location is the 
determining factor of denitrification potential in the wetland regardless of flow 
rate, flow dynamics and bacterial community (Ishida, et al., 2006).  
Nitrate removal rates between vegetation types were large and differed 
significantly (cattails =565 mg N m-2 day-1, bulrush= 261 mg N m-2 day-1 and 
mixed= 835 mg N m-2 day-1). Plant productivity differed between treatments. 
Bacterial denitrification rather than plant uptake was the main mechanism of 
nitrogen removal in the wetland (Bachand and Horne, 2000). The plant also 
provides organic carbon for the bacteria for denitrification. The denitrification 
capacity for slurry and core is compared. Denitrification potential in core is much 
higher than in slurries (Bastviken, et al., 2007).  When supplied with abundant 9 
 
carbon concentrations, the wetlands with bulrush coverage can remove nitrate 
faster than wetlands with cattail coverage (Hunt, et al., 2003). 
The oxygen level in wetland is another important factor on nitrogen removal rate. 
On a lab scale unplanted wetland, the organic was removed 80% and nitrogen 
removal is not completed without aeration the anoxic zone. But with aeration in 
anoxic zone, organics are totally removed and nitrogen is removed 81% to 90% 
(Bezbaruah and Zhang, 2003). The oxygen in wet area in a wetland ranges from 
anoxic level to saturated level (in summer when water table dropped). The 
oxygen in dry area remains in saturated level all year around. The denitrification 
dynamic in wet area is high and affected by the water level. But in dry area the 
denitrification rate is minimal (Burgin, et al., 2010).  
In the field, nitrate removal was consistently greater in a shallow, young, well-
mixed constructed wetland, regardless of temperature and despite lower 
sediment denitrification potential, than in mature, more diverse, less well-mixed 
wetlands (Sirivedhin and Gray, 2006). Denitrification can appear in constructed 
wetland, restored wetland and denitrification wetland. However, the hotspots of 
denitrification enzyme activity in constructed wetlands and restored wetlands 
are limited compared with natural wetlands. In natural wetlands the organic 
matters varies. This may be one reason that spatial distribution of soil chemistry 
in natural wetland is different (Bruland, et al., 2006).  The salinity in wetlands is 
another factor that can affect denitrification reaction rates. The salinity in the 
wetlands decides the plant species. The plant species affect carbon quality in the 
system. At the initial stage, the carbon quality in fresh water is the most 
applicable carbon to bio organisms (Dodla, et al., 2008).  
Carbon cycle in a wetland will have a significant impact on the nitrogen cycle in 
the same system. Denitrification rate limiting factors in engineered wetlands are 
mostly suffering from lacking of carbons. However, in high carbon loading 
wetlands, anaerobic microsite, rather than carbon substrate availability limits 
denitrification (Hamersley and Howes, 2002). Usually the surface soil in the 10 
 
wetland has the higher denitrification potential. However, most organic carbons 
are in the deeper level of soil. The soils in conifer forest peat, mixed forest, and 
marsh sites have the similar denitrification potential. But the organic matter 
content in the soil is significantly different. The study showed there is no single 
index was a good predictor for all soil types (Hill and Cardaci, 2004).  
  Kinetics  2.3
It is hard to quantify nitrogen transformation when it occurs. As a common 
fertilizer, nitrogen species leaking into ground water can cause serious 
contamination. In order to prevent the contamination, estimation is needed to 
quantify the nitrogen species in soil. Kinetic control on nitrate attenuation 
capacities or denitrification potential is an important product that can be gained 
from the models (Mastrocicco, et al., 2011).  Multiple studies and models have 
been built to simulate the nitrogen transformation process. When the process of 
oxygen diffusion is taken into consideration, it requires large nitrification and 
denitrification rate constants to achieve a complete oxidation  of ammonia 
(Blackburn, et al., 1994). Interestingly some numerical models suggest that the 
denitrification reaction potential can be cut in half in stream water. The nitrogen 
losses in such a system are dependent on flow and sediment transport. Under low 
nitrate concentration, denitrification rate constants were found to be large 
(Bohlke, et al., 2009).  
The intermediate products of nitrification and denitrification vary based on the 
enzyme type. It was found that nitrification was the main source of NO and N2O 
production. NO is 20 times more common than N2O in these cases. In the 
processes, heterotrophic nitrification was negligible whereas autotrophic 
nitrification and denitrification occur simultaneously in soils (Stange and 
Dohling, 2005). Nitrite is the intermediate product for both nitrification and 
denitrification, but it has negative impact on microorganism activities. No 
inhibition in the system is observed (Langley, et al., 2001).  Under low nitrate 
concentrations, the nitrite concentration is minor as well. Vasiliadou suggested 11 
 
that under high nitrate concentration there would be nitrite inhibition. The 
inhibition from nitrite lowered the denitrification rate because of decreased cell 
activity and enzyme productivity (Vasiliadou, et al., 2006).  
In model development processes, usually empirical data on a lab scale or field 
scale is employed to help estimate the reaction rate constants. Even so, the 
uncertainties of model predictions are large (Boyer, et al., 2006). It is important 
to figure out the nitrogen loading and nitrogen sources for the concerned area to 
accurately estimate the removal rate. The fraction of nitrogen that can be 
denitrified will be predicted from models. In estuary areas, denitrification 
accounts for 60% to 75% of total annual net nitrogen removal.  The removal rate 
constant is relatively low compared with lab scale models in this case (0.01 day-1) 
(Dettmann, 2001).  
Soil sediments play an important role in denitrification. After careful study, it was 
found that the nitrification and denitrification processes are missing in the water 
column but are detectable in sedimentary columns. This is because the substrate 
concentration in soil sediments is significantly higher than in water. Sediments 
not only provide a good interchangeable site for ions and enzymes but also 
provide attachment locations for microorganisms (Keffala, et al., 2011). Oxygen 
content in soil is difficult to simulate. Water content in soil is used as a substitute 
for oxygen diffusion in some models (Heinen, 2006). Nitrification and 
denitrification reaction rate constants become much higher in sediment cores, 
0.2 to 15.8 h-1 and 0.02 to 8 h-1. In a one dimension simulation, the ammonia 
concentration in the system is controlled by nitrification and strongly dependent 
on temperature (Sheibley, et al., 2003).  
In the field experiment scale, subsurface flow wetland denitrification rates can be 
significantly improved by packing woodchip materials. The packing creates an 
anoxic environment for denitrifiers as well as provides sufficient biodegradable 
carbon. The rate constant is 1.30-1.41 day-1 at 20 °C (Leverenz, et al., 2010). The 
reaction rate of nitrification and denitrification is highly related to the carbon 12 
 
sources in the wetland. Readily biodegradable substrates can enable the reaction 
to take place eight times faster than regular substrates. This is evidence that 
carbon sources affect both reaction rates and bacterial distributions (Tran, et al., 
2011). It was found in unplanted, planted, as well as aerated and planted 
wetlands, the nitrification process follows first order decay, ranging from 0.42 to 
0.45 day-1 (Tao and Wang, 2009). Differences in plant coverage also have an 
impact on removal rate. In subsurface flow wetlands, the control gravel with no 
plant coverage has a rate constant of 9.98 m/yr, the bulrush coverage has a 13.19 
m/yr rate constant and the cattail coverage has a 13.14 m/yr rate constant 
(Bavor, et al., 1988). Another pilot scale wetland research used cattail, bulrush 
and mixed plant coverage. The corresponding removal rates were 565 mg-N-m-
2/day, 261 mg-N-m-2/day and 835 mg-N-m-2/day (Lin, et al., 2007). 
Table 2.3.1 Rate coefficients of different models 
 
Kd (day-1)  Model  Source 
0.1  DAISY  (S. Hansen, 1990) 
0.004-1.08  DRAINMOD-N  (M.A. Brevé, 1997) 
0.1  IMPACT 
(Andrews, et al., 
1997) 
0.001-0.005  LEACHM  (J.M. Sogbedi, 2001) 
0.03  NUCSAM  (Kros, 2002) 
0.01  SWATNIT 
(Vereecken, et al., 
1991) 
  
  Rhodamine W.T.  2.4
A good tracer needs to have low environmental interference. Rhodamine W.T 
stands out in multiple kinds of florescent tracer tests. It can be analyzed by 
colorimetric method on the spectrum 510 ±20 nm (Smart and Karunaratne, 
2002). Rhodamine W.T belongs to the red category of tracesr. Rhodamine W.T 13 
 
will degrade under sunlight and bio processes. The amount it leeching out from 
the system depends on the initial concentration, organic matter in the system and 
sediment materials.  The loss of tracer in the system follows zero order kinetics 
(Dierberg and DeBusk, 2005). When applying it to a hydraulic characterization 
such as finding bypass flows and estimating residence time, Rhodamine W.T. 
needs less concentration compared with regular tracers (Edwards, et al., 2011). A 
Rhodamine W.T. tracer test not only provides the hydraulic residence time for a 
system, it is also a good indicator of dispersion magnitude, mixing processes 
estimation and plug flow ratio in a pond. By controlling the saturation of water in 
a constructed wetland, Giraldi  successfully calculated the dispersivity and 
detected the flow pattern (Giraldi, et al., 2009). Table 2.1.2 summarizes the 
concentrations of Rhodamine W.T (Gooseff, et al., 2003) (Lin, et al., 2003) 
(Holland, et al., 2004). 
Table 2.4.1 Concentration of Rhodamine W.T. in tracer test 
 
Location  Amount RWT 
Added 
Volumetric 
Flow Rate 
Concentration Flow 
Rate 
[g]  [MGD]  [g/MGD] 
Lookout Creek  11  0.62  17.7 
Lookout Creek  10.4  7.07  1.5 
Lookout Creek  75  5.93  12.6 
Prado  1040  6.953  150 
Columbus_L  4  0.03  133 
Columbus_H  10  0.07  143 
 
One research claims that Rhodamine W.T. is a good tracer for wetlands as long as 
the wetland has at least 0.6 m depth of water, with less than seven days hydraulic 
residence time. The distance between water surface and bottom can reduce the 
contact between the tracer and the sediments. The principal loss of Rhodamine 14 
 
W.T. during the transport is irreversible adsorption, since only 29% of injected 
tracer was recovered in some cases (Lin, et al., 2003).   One advantage of 
Rhodamine W.T is it can be used to determine the movement of individual 
parcels of water through a treatment wetland and the treatment efficiencies at 
individual locations within a wetland (Williams and Nelson, 2011). In the 
Lookout Creek basin, Oregon, slug tracer injections of Rhodamine W.T. were 
injected in three geomorphic distinct streams. The residence time distribution 
was validated by two hydraulic models (Gooseff, et al., 2003). Another study was 
carried out in Klamath Falls, Oregon for the pump-injection system. The whole 
concerned flow path is 3 to 4 miles and the breakthrough curve was detected 2 
hours and 45 minutes later in a monitoring well. A tracer test identified several 
spots to add structures in the flow path (Gudmundsson, et al., 1983). A similar 
test was also conducted in the Willamette Basin. The drainage area in the basin is 
identified and quantified. The transient storage assessment of the tracer has been 
completed by USGS one dimensional transport with inflow and storage model 
(Laenen and Bencala, 2001). By conducting the tracer test in wetlands, Holland et 
al. found residence time in a wetland is not only significantly affected by flow 
rates. At larger flow rate, flow demonstrates a greater amount of short circuiting 
and larger mixing scale. This suggested more than one analysis is needed subject 
to the change of flow rate and water level especially for a dynamic flow system 
(Holland, et al., 2004).  
3.  Talking Water Garden Denitrification Simulation 
  Introduction   3.1
A mathematical model was developed to predict denitrification potentials and 
hydraulic behavior in TWG based on simulating the wetland as continuous 
stirred tank reactors (CSTRs) in different combinations. The wetland consists of 
ten ponds and six flow paths. Reactor selection was based on the physical 
geometry of each pond. In the same pond and flow path, CSTR and PFR reactors 15 
 
are configured in series. For different flow paths, reactors are in parallel 
operation. This chapter will contain the following: 
  Reactions involved  
  Mathematical model derivation 
  Parameter selection 
  Model validation 
  Reactions Involved  3.2
The kinetics of nitrogen cycles has been studied in multiple scales. In the nitrogen 
cycle, the denitrification processes and nitrification processes are important (Eq 
3.2.1 - 3.2.3). Carbon source in the following equations is in the form of glucose 
(CH2O). 
Nitrification 
2NH4++3O2→2NO2-+2H2O+4H+                                                                      Equation 3.2.1 
2NO2-+O2→2NO3-                                                                                                Equation 3.2.2 
Denitrification 
4NO3-+5CH2O →2N2+4HCO3- +CO2+3H2O                                                   Equation 3.2.3 
Zero order, first order, and Monod models are commonly used in research on the 
kinetics of nitrification and denitrification processes. Most of the models require 
complex inputs such as real time temperature, COD, porosity of the soil and flow 
rates. For the current system in Talking Water Gardens` we do not have data to 
obtain spatially distinct parameters. It is common to model wetlands using 
simple kinetic models (An, et al., 2010).  The reaction rates (r) for simple kinetics 
are shown in Table 3.2.1.  The reaction rate constants for nitrification and 
denitrification equations above are k1, k2, and k3 respectively.  
 16 
 
Table 3.2.1 Reaction rates of different kinetics 
 
Kinetics  Reaction rates 
Zero 
Order 
Nitrification 
r[NH4+]=k1 
r[NO2-]=k1–k2 
Denitrification  r[NO3-]= k2-k3 
First 
Order 
Nitrification 
r[NH4+]=k1*[NH4+] 
r[NO2-]=k1*[ NH4+] –k2*[ NO2-] 
Denitrification  r[NO3-]= k2*[ NO2-]-k3*[ NO3-] 
Monod 
Nitrification 
r[NH4+]=ȗ1*[NH4+]/(KNH+[NH4+]) 
r[NO2-]=ȗ1*[NH4+]/(KNH+[NH4+])- ȗ2*[NO2-]/(KNO+[ 
NO2-]) 
Denitrification 
r[NO3-]= ȗ2*[NO2-]/(KNO+[ NO2-])-ȗ3*[NO3-]/(KNO3+[ 
NO3-]) 
 
Monod kinetics assumes the reaction is linear when concentration is low. It also 
assumes that at high concentrations the reaction rate will approach a constant. 
Half saturation coefficients and maximum growth rate are constants that are 
unable to be validated in the current system. The dynamic loading on both flow 
rate and nitrogen species concentrations increase the complexity to determine 
the real value of those constants.  
First order kinetics are concentration dependent. Field scale reaction coefficients 
have been measured (Leverenz, et al., 2010). When First Order Kinetics is applied 
to the system, nitrogen species transformation will affect the concentration of 
ammonia, nitrite and nitrate. It is hard to reach a total removal even with very 
long residence time using First Order Kinetics. Zero order reactions are not 
concentration dependent. 
 First order kinetic was chosen to derive the simulation for the TWG system. 
Oxygen level and biodegradable carbon concentration have an impact on the 17 
 
reaction, but for this simulation, their effect is embedded in the reaction rate 
constant. Some literature presents reaction rates (both nitrification and 
denitrification) in volume-based form with units of time-1 while some literature 
presents it in area-based form with normal units of length/time. In this model a 
volume based reaction rate constant is used.  
  Derivation of the Mathematical Model  3.3
The configuration of ponds in TWG is quite uniform and consists of alternating 
shallow and deep basins (Figure 3.3.1). Each basin is simulated by continuous 
stirred tank reactors (CSTR) and plug flow reactors (PRF) in series depending on 
the geometry of the basins. Generally, the deeper area in the pond is treated as a 
single CSTR while the shallower area in the pond is treated as a PFR. Deeper 
areas generally have more mixing; therefore a CSTR reactor better represents the 
behavior of the wetlands. Shallower water is represented by PRF reactors 
because there are fewer disturbances and there is less mixing. On the same flow 
path reactors are connected in series. Different flow paths are simulated by 
reactors that run separately.  
 
Figure 3.3.1Typical elevation profile in TWG basins with model bioreactor type 
suggested by geometry 
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In the basin there are three deeper areas with an average depth of 2.6 ft and two 
shallow areas with an average depth of 1.6 ft. The deeper areas enable better 
mixing. 
The PFR is mimicked mathematically by five CSTRs in series. However, water 
level, bottom elevation, compact sediments, surface plant roots and 
phytoplankton in wetlands can change flow patterns and mixture processes. The 
denitrification model does not take these variables into account. The 
configuration of the reactors can be changed based on the conditions in the 
wetland.  
The nitrogen species transformation processes are simulated by numerical 
solutions in the model. Mass balance equations for each species in a single CSTR 
are: 
 
   
                           
                                                                       Equation 3.3.1 
     
                             
          
                                                Equation 3.3.2 
     
                             
          
                                               Equation 3.3.3 
Where: 
ca is ammonia concentration 
ctri is nitrite concentration 
ctra is nitrate concentration 
cin is influent concentration of concerned species 
r is the reaction rate of concerned species 
V is volume of the reactor 
q is the flow rate 19 
 
In the starting stage of the wetland flow, a severe flow loss was present. This was 
because most of the influent water immediately infiltrated into the ground water. 
In the model, volumes of each pond are fixed however the true volumes of the 
ponds are dynamic and can change. The infiltration flow rate has reached as high 
as 40% of the total influent rate. The flow rate changes can affect the residence 
time on different flow path. For first order reaction, residence time is crucial to 
final effluent concentration. In the model, the flow rate loss is represented by 
surface area ratio (Equation 3.3.4). 
qn=(1-An/Atotal)*qn-1                                                                                           Equation 3.3.4 
where: 
qn is flow rate of the nth reactor 
An is the surface area of nth reactor 
  Parameter Determination  3.4
 Volume and flow rate are examined in the following table and graph.  
3.4.1  Volume 
The surface area split ratio (An/Apond) is marked in the map. Table 3.4.1 shows 
the value of volume split in the wetland.  
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Table 3.4.1 Surface Area Split for Different Reactors in Ponds in TWG 
 
Pond 
Name 
CSTR1  PFR1  CSTR2  PFR2  CSTR3 
Total Area 
(m2) 
LM  0.14  0.26  0.20  0.24  0.16  6003 
NLM  0.20  0.22  0.19  0.20  0.19  2517 
RR  0.17  0.21  0.19  0.21  0.21  4454 
EOW  0.19  0.23  0.19  0.23  0.17  11813 
COW  0.19  0.23  0.19  0.17  0.25  5035 
WOW  0.17  0.23  0.19  0.23  0.17  3679 
ELP    1        1973 
LP  0.18  0.21  0.18  0.21  0.21  10990 
WBM  0.18  0.23  0.18  0.23  0.18  19538 
EBM  0.68  0.08  0.09  0.08  0.09  10460 
 
The volume of each reactor is calculated as average depth multiplied by surface 
area. Depth of the PFR region is 1.6 ft and depth of the CSTR region is 2.6 ft.  
3.4.2  Flow Rate 
Flow rate in TWG is dynamic. Average daily flow rate is used to provide the 
parameters for the model. Infiltration rate into the soil during the starting stage 
is taken into account in the model by flow rate loss. After leaving each reactor, the 
flow rate will lose a certain amount proportional to the surface area of the 
reactor. Nitrification and denitrification are key steps in the nitrogen cycle.  
Influent water of TWG contains ammonia, nitrite and nitrate. Both nitrification 
and denitrification can happen in the wetland.  
 There are several locations in TWG where flow splits. Initial flow is divided into 
three influents, north influent point, east oak, and south influent point. In 
addition, there are locations like EO Pond which have two effluents. The 
percentage split originally specified in the design made by CH2M Hill is used in 
the model. Figure 3.4.1 is an example using the daily average flow rate in 
November, 2011 is used to calculate the flow rate over each weir.  21 
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Figure 3.4.1 Flow split graph in Talking Water Garden November, 2011 
3.4.3  Reaction Rate Constants 
Nitrification and denitrification reaction rate constants have a wide range in 
literature. They are closely related to temperature, biodegradable carbon supply, 
oxygen level and plant cover species. In the TWG system, due to lack of carbon 
supply and cold temperature during sampling, the reaction rate constants did not 
reach as high as the value in the column pilot test (Hart, 2012). Rate constants 
were selected from the literature from studies with similar volume, flow and 
plant cover.  From ammonia to nitrite is 0.1 day-1, and from nitrite to nitrate is 
0.07 day-1. The constant for the rate of conversion from nitrate to nitrogen is 0.1 
day-1 (Andrews, et al., 1997).  22 
 
  Model validation  3.5
The numerical model is solved by the Runge–Kutta method. Higher order can 
avoid truncation errors. Different step value enables the accuracy of Runge-Kutta 
method. It is validated by the analytical solution for the same mathematical 
equation. The analytical solution for a single reacting component in a single CSTR 
is Eq. 3.5.1 
   
   
    [     
 (  
 
 ) ]      
 (  
 
 )                                                              Equation 3.5.1 
The analytical solution is applicable only when input flow rate is constant. 
Numerical model is set with a single nitrogen compound input in a single CSTR. 
The comparison between the numerical solution and the analytical solution is 
shown in Figure 3.5.1. 
 
Figure 3.5.1 Analytical solution (Nitrate_E) and numerical solution (Nitrate_M) of 
nitrate in a single CSTR 
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4.  Methodology 
Several field sampling events took place throughout the year at the Talking Water 
Wetlands in Albany. These events took place in order to help construct and 
validate the model. 
  Site Description  4.1
Talking Water Gardens (TWG) is located in northeast Albany, Oregon (44.65°N, -
123.07°W). TWG is designed to lower the temperature of effluent water coming 
from the two different water sources feeding into the wetland, AMWRF as well as 
ATI Wah Chang.  Albany has a 41.1 inch average annual precipitation, average 
annual low temperature of 41.2 °F, and an average annual high temperature of 
63.3 °F. During the period from December 2011 to May 2012 an average of 6.0 
MGD from AMWRF and 2.1 MGD of water from ATI Wah Chang was released into 
the wetland. Both flows separate partially into three influents with different 
ratios of ATI WC and AMWRF flow.  
The water division vault at the NIP (figure 4.1.1) has three sections. The west 
section channel of AMWFR feeds flow to Lumber Mill Pond. East section channels 
of ATI feeds flow to Lumber Mill Pond making up the north influent point (NIP) 
(Figure 4.1.2). The middle section receives water from both ATI and AMWRF, the 
water is separated into South and North channels. The Southern channel 
transports a mix of ATI and AMWRF flow to East Oak Wetland through an 
underground pipe and the Northern channel transfers a mix of ATI and AMWRF 
flow to the South Influent Point through a pipe. Six potential flow paths exist in 
TWG as seen in Figures 4.1.4-4.1.9. 24 
 
 
 
Figure 4.1.1 Top View of Water Division Equipment 
 
Figure 4.1.2 Side view of water division equipment at North Influent Point, 
Talking Water Gardens 
 
 ATI has a relatively consistent flow rate. While AMWRF receives municipal 
discharges from Albany and Millersburg, and has a diurnal flow rate that can be 
easily affected by storm water during rainy seasons.  
TWG is a complex combination of ponds and flow paths. There are ten ponds, a 
transfer creek, and six flow paths in the wetland. Plant cover, dimension, and 
N 25 
 
basin bottom elevation variation all contribute to the complexity of TWG (Figure 
4.1.3). The designed flow paths are shown from Figure 4.1.4 to 4.1.9. 
Log Pond is the final effluent site. After this pond, water flows through a pipe into 
the Willamette River. Because water from the entire wetland mixes in Log Pond, 
it is essential in the hydraulic characterization of the wetland. West Beaver Marsh 
is the largest pond. It collects water from four different flow paths. It is also an 
important mixing site within the wetlands. Flow Path B is designed to flow; 
however as of yet there is no flow in this path. The water level at the LM3 weir 
structure is not high enough to allow flow. The split ratio at East Oak Pond is 
designed to have a split ratio of 90% to 10% however in reality its split flow is 
approximately equal. The observed split ratio is used in the model to obtain 
accuracy. 
 
Figure 4.1.3 Plant cover over water surface changes flow pattern in each pond 26 
 
 
Figure 4.1.4 Flow Path A (North Influent Point – Lumber Mill – North Lumber Mill 
– Rail Road-Cool Creek – West Beaver Marsh – Log Pond – Willamette River) 
 
Figure 4.1.5 Flow Path B (North Influent Point – Lumber Mill – Cool Creek – West 
Beaver Marsh – Log Pond – Willamette River) 27 
 
 
Figure 4.1.6 Flow Path C (East Oak – Central Oak – West Oak – West Beaver 
Marsh – Log Pond – Willamette River) 
 
Figure 4.1.7 Flow Path D (East Oak – East Log Pond – Log Pond – Willamette 
River) 28 
 
 
Figure 4.1.8 Flow Path E (South Influent Point – West Beaver Marsh – Log Pond – 
Willamette River) 
 
Figure 4.1.9 Flow Path F (South Influent Point – East Beaver Marsh – Log Pond – 
Willamette River) 
 
In order to obtain background constituent concentrations and characterize water 
flow, three different experiments were conducted at TWG which are described 
later in the chapter.  29 
 
  Measurements  4.2
4.2.1  Flow Rate Estimation and Measurement 
There are weir structures in each pond to control the water level and flow rate 
(Figure 4.2.1). TWG basins have rectangular weirs on all the sample locations 
except EOW2, in which a v-shape weir is installed.  
            
Figure 4.2.1 General Weir Structures 
 
The equation that can be used to calculate rectangular weir flow rate calculations 
is: 
  q=2/3cdb(2g)1/2h3/2                                                                     Equation 4.2.1 
Where: 
q: flow rate (m3/s) 
h: head on the weir (m) 
b: width of the weir (m) 
g=9.81 m/s2   gravity  
cd:  discharge constant for the weir  30 
 
Eq. 4.2.1 requires knowledge of the discharge constant, which is unknown for the 
weirs. The constant is related to the flow rate and weir shape. When cd is 
unknown, an empirical equation (Francis Formula) can be used (Eq. 4.2.2) 
q=3.33(b-0.2h)h3/2                                                                    Equation 4.2.2 
Where: 
q: Flow rate (ft3/s) 
h: Head on the weir (ft) 
b: Width of the weir (ft) 
The flow rate calculation equation for v-shape weir is Eq. 4.2.3. 
                                                                                                                                  Equation 4.2.3  5/2 8/15 2 tan( /2) d q c g h  31 
 
When the head over the weir changes, the flow rate can be calculated using these 
equations. A hypothetical example is shown in figure 4.2.2.
  
Figure 4.2.2 Flow Rate Changes with Different Water Level Over the Weir 
 
After 7th November, the front weir was removed on every weir structure. Water 
level was decreased and the open channel flow was formed near the front weir. 
The open channel flow equations were not used to calculate flow as Cd was not 
known. Instead, flow was measured experimentally. Equipment used for 
measuring flow rate is a stopwatch, five-gallon bucket with volume scale, 3-ft 
stretchable tube and a 3”×1.5” funnel for collecting flow. In order to measure flow 
rate, a noticeable hydraulic head difference over the weir is required. Water level 
outside the weir must be at least four inches higher than the water level within 
the weir. For a weir with a noticeable hydraulic head difference, the funnel was 
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attached to the weir against flow direction, connected to the tube, and 
transported water into the bucket. The   stopwatch is used to time how long it 
takes for the bucket to fill up. The water volume in the bucket is divided by the 
collecting time to calculate the flow rate. Every measurement is repeated three 
times to ensure accuracy. (Figure 4.2.3) 
 
 
Figure 4.2.3 Weir structure flow rates being measured 
4.2.2  Conductivity Measurement 
Conductivity was measured using a YSI 30 conductivity meter connected with a 
Model 30 probe. The conductivity meter was calibrated every week with 
Conductivity Calibration Solutions ranging from 0-10,000 µs/cm. Adjustable 
conductivity reference temperature is 15 to 25°C. Adjustable conductivity 
temperature compensation factor ranges from 0 to 4%. Conductivity was 
measured by placing the probe in water just outside of the weir. It was placed five 
inches under the water surface. For the influent point where there was no weir 33 
 
structure, the probe was placed inside the water division equipment, two inches 
deep in the water.    
4.2.3  Nitrate, Chloride and Sulfate Measurement 
Nitrate was the only nitrogen compounds measured in this study at OSU. The 
most concentrated form of nitrogen in the wetlands is nitrate. Ammonia and 
nitrite levels in TWG are very low. Nitrate concentration was measured during all 
the sampling events. 
Ionic Chromatography (IC) was used to measure chloride, sulfate and nitrate 
concentrations. IC consists of Dionex CD 20 Conductivity Detector, Dionex LP 25 
Chromatography Oven and Dionex AS 40 Automated Sampler. The column was 
Dionex Ionpac AS 14 4*250mm. Nitrogen was the carrier gas. 3.5mM sodium 
carbonate and 1mM sodium bicarbonate mixture solution was the eluent. Oven 
temperature was set to 30ºC.  Samples were centrifuged for 2 minutes at 14,000 
RPM before running through IC. Sample dilution ratio depends on water sources. 
Water from ATI was diluted 25 times. Water from north ponds (including LM, 
NLM and RRW) was diluted 10 times.  Water from other sources was diluted 5 
times. Samples are taken in by the automated sampler every 15 minutes. Samples 
were measured within 24 hours after collection.  
4.2.4  COD Measurement  
Water samples were analyzed within twenty four hours after the collection. Two 
mL sample were centrifuged in the microcentrifuge tube at 9000rpm for two 
minutes.  One mL supernatant and one mL DI water are added to low range COD 
digestion reagent vials (0-150 mg/L, VWR, #80094-572). The vial cap was 
replaced tightly and shaken for thirty seconds. The vial was put in a Hach DBR 
200 Reactor at 150 °C for two hours. After cooling down to room temperature 
(20°C), the color absorbance was measured with a Hach DR/890 Colorimeter, 
according to manufacturer’s recommendation.  34 
 
4.2.5  DO and Temperature 
Dissolved Oxygen (DO) was measured on site. A YSI 6920 V2-1 Data Sonde was 
used to monitor DO and temperature. 6920 V2-1 connects with a 6562 rapid 
pulse DO sensor and a pH probe. The detectable range of an YSI 6920 is 0 to 50 
mg/L of DO with an accuracy of ±0.2 mg/L. Temperature was measured using a 
conductivity probe. Before on-site work, the DO meter was calibrated in lab with 
an YSI 6920 combined computer station under 14.69 PSI (standard atmospheric 
pressure), with 20 °C room temperature. 
4.2.6  Rhodamine W.T. Measurement 
Rhodamine W.T is classified as an orange tracer. The general chemical formula of 
Rhodamine WT is C29H29N2O5Na2Cl. The molar weight is 566 g. Rhodamine W.T 
was measured by a Perkin Elmer Wallac 1420 Multilabel Counter and 
Spectrophotometer. The excitation wavelength filter was set to 530 nm and the 
emission wavelength filter was set on 590 nm. The range of the wavelength is 
±20 nm with a precision <0.5%. Detection limitation on the spectrophotometer 
was 1.0 µg/L.  
4.2.7  Data from ATWRF and ATI 
ATWRF and ATI both offered their measurements during the sampling period. 
ATWRF offered chlorine residue average level, TKN, ammonia, Nitrate/Nitrite 
and COD concentration from March to November, 2011. The flow rate data was 
from August to November, 2011.  ATI offered pH, conductivity, temperature and 
flow rate data from 31st October, 2011 to 26th November, 2011. Hourly flow rate 
was used in calculating conductivity loading and in the numerical model. ATI also 
measured samples for nitrate and ammonia. 35 
 
4.2.8  November Field Sampling 
The first sampling event was carried out from November 3rd to 14th, 2011. ATI 
Wah Chang started its flow on the 2nd of November, 2011. This flow rate became 
stable on the 3rd November, 2011. ATI water contains high salinity. This salinity 
was primarily from chlorides and sulfates. The conductivity of the ATI water was 
significantly higher than that of AMWRF. Temperature and pH differences 
between ATI and AMWRF were small. In the beginning stages of ATI flow, 
conductivity was treated as a tracer in the wetland. Because the conductivity of 
the background water released by AMWRF was so low, the ATI water was able to 
stand out in tests. Conductivity, pH and temperature were measured on site. 
Water samples were preserved for further analysis of chloride, sulfate, and 
nitrate concentrations. 
 36 
 
 
4.2.9  December field sampling 
The second sampling event was carried out in December 12th 2011. This pilot 
scale test lasted ten hours. The North Lumber Mill Pond was the only pond tested. 
NLM has a single influent and a single effluent point, because of that, the 
interference from mixing and other variables was lessened. A split ratio of two 
water sources in the North Lumber Mill was identified by the test. Conductivity 
and flow rate in North Lumber Mill were measured at the influent point and 
effluent point. Ammonia and nitrate concentrations were measured by ATI Wah 
Chang. The goal of the second sample event was to trace the effect of diurnal flow 
rate on different nitrogen compound concentrations throughout the wetland. 
North Lumber Mill Wetland (NLM) was chosen as the sample pond to avoid 
complex mixtures of water from the two influent sources. From 7:00 to 16:30 on 
12th December, duplicate samples were taken on LM2 and NLM2 every half an 
hour. All samples were stored in the cooler with ice. One group of samples was 
acidified and the control group was not. Samples were analyzed in ATI Wah 
Chang’s lab 12 hours after they were taken.  Flow rates were measured every one 
and a half hours.  Conductivity was measured on site. Ammonia and nitrate 
concentration were measured in the lab with colometric and ionic 
chromatography equipment. 
4.2.10 Tracer Test 
The third sampling event took place from May 10th to 13th, 2012. A tracer test was 
conducted on the whole wetland site. The tracer test offered residence time 
information for each pond and was helpful in the creation of the hydraulic model. 
Rhodamine W.T. is a red florescent tracer used in the test. The tracer test 
established the flow character of the wetland. One pound of Rhodamine W.T. 37 
 
powder was dissolved in six gallons of water. This was separated into two five-
gallon buckets. Those two buckets were released into the ATI discharge. In each 
pond, the weir structure was used as the sample location. Samples were taken 
every two hours. At the beginning stage, samples were taken at the NIP every 5 
minutes to discern the tracer concentration curve. This allowed the spike input 
curve to be visible and allows an integration of the area under the curve to take 
place. The integration is used to show the average input concentration during the 
spike input.  
5.  Results 
  Experimental Results  5.1
5.1.1  November Sampling Event 
A test was conducted from 3rd to 14th November, 2011 to characterize flows and 
constituent concentrations as ATI flow was first introduced to the TWG wetland. 
Before ATI started flow in TWG, the wetland only received discharge from 
AMWRF. The discharge from AMWRF had low average conductivity, low salinity 
(370-400 µS/cm), low DO (4.0-6.0 mg/L) and high temperature (6 °C higher than 
room temperature). ATI started regular input on November 2nd, 2011. Water 
from ATI has high conductivity (Table 5.1.1), high salinity, high DO levels and low 
temperature. Figure 5.1.1 and Figure 5.1.2 show the flow rates and conductivity 
change after ATI began discharging water into the wetland. 12:00 AM on 
November 2nd is set to be the starting time point for measurements. AMWRF has 
a dynamic flow which peaks around 10 MGD at 12:00 pm to 3:00 pm each day 
and has a low of approximately 4 MGD at 12:00 am to 3:00 am each day. In 
November, AMWRF‘s maximum loading was 12.59 MGD, and the minimum 
loading was 0.27MGD, the average loading was 6.12 MGD. ATI started steady flow 38 
 
on 3rd November. The maximum flow rate was 5.56 MGD in November, the 
minimum flow rate was 0.27 MGD, and the average was 2.66 MGD. AMWRF is the 
dominant flow rate, ranging from 2-5.1 times the ATI Wah Chang flow rate 
(Figure 5.1.1). 
Table 5.1.1 Conductivity Range of Effluent from ATI and AMWRF 
ATI Conductivity Range (µS/cm)  AMWRF Conductivity Range (µS/cm) 
370-400  6000-11000 
 
 
  
Figure 5.1.1 Influent flow rate during November Sampling Period 
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Conductivity was measured at every weir structure at least once a day from 3rd 
November to 14th November. ATI water conductivity was above 6000 µS/cm and 
AMWRF water conductivity was approximately 400 µS/cm. During the onset of 
ATI flow, conductivity was used as a tracer to obtain a hydraulic characterization 
of the wetland (Figure 5.1.2). The increase in conductivity in the wetland effluent 
indicates the hydraulic residence time in the wetland was about 3 to 4.7 days. 
This estimate is expected to be longer than the eventual steady-state residence 
time due to the volume increases experienced in some ponds with the 
introduction of ATI flow.  The drop in ATI influent conductivity seen on the 7th of 
November was not observed in the effluent sampling, presumably due to mixing 
and dispersion in the wetland and the decreased frequency of the effluent 
sampling compared to the influent sampling.  
 
Figure 5.1.2 Conductivity changes during the onset of ATI flow 
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Since the low-conductivity AMWRF flow is significantly greater than the high-
conductivity ATI flow, the wetland effluent conductivity is much lower than the 
ATI influent conductivity. Conductivity loading is defined as the total conductivity 
input rate to the wetland (conductivity multiplied by flow rate). ATI flow 
provided the dominant conductivity loading even with a smaller flow (Figure 
5.1.4). Although the effluent conductivity was measured at LP4, a flow rate could 
not be determined there due to a limited hydraulic head difference.  Therefore, a 
conductivity balance was unable to be strictly established.  In an attempt to 
estimate the conductivity balance, the effluent flow was assumed to be equivalent 
to the wetland influent flow 3 days prior (the estimated retention time of the 
wetland).   Using the assumed effluent flow values and measured effluent 
conductivity values, effluent conductivity loading was estimated (figure 5.1.4).  
The area from November 3rd to 6th under influent conductivity loading is around 
30,000 while the area from November 6th to 9th under effluent curve is about 
15,000, indicating that potential infiltration was taking place. Once flow metering 
is emplaced in the effluent from the wetland, accurate conductivity balances will 
be easily used to assess potential infiltration losses.  Evaporation will have a 
tendency to increase conductivity concentrations but not loading in the effluent, 
where infiltration would decrease loading but not concentration.   41 
 
 
Figure 5.1.3 Conductivity measurements during the onset of ATI flow 
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DO in ATI water is usually twice as high as AMWRF water. On a given flow path, 
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reason the DO levels appear to increase along the flow paths. DO levels 
throughout the wetland are generally high indicating predominantly aerobic 
conditions existing within the wetland, which is consistent with the free-water-
surface wetland design.   
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Table 5.1.2DO Measurements on 14th November, 2011 (mg/L) 
 
Nitrate 
AMWRF input water mainly contains nitrogen species in the form of nitrate, 
ammonia and nitrite. Ammonia and nitrite concentration in AMWRF water is very 
low. Nitrate levels in AMWRF influent ranged from 6.4 to 11.2 mg-N/L during the 
sample period in November, 2011.  ATI Wah Chang influent had a nitrate input 
from 11.0 mg/L- 21.3 mg/L during the November sample period. After ATI flow 
started, the nitrate concentration in TWG slowly increased. The nitrate 
concentrations at each weir in TWG on 20th October, 2011, approximately 10 
days before the onset of ATI flow, and 14th November, 2011, approximately 10 
days after the onset of ATI flow were selected to compare nitrate levels (Table 
5.1.3). The declining concentration values in the table are partially due to dilution 
of the ATI flow with the AMWRF flow.  However, the effluent values are lower 
than those that would be predicted by strict mixing of the influent streams (7.5 
mg-N/L to 14.2 mg-N/L), indicating some nitrogen removal was occurring in the 
wetland.   
 
 
Flow Path A  Flow Path B  Flow Path C  Flow Path D  Flow Path E  Flow Path F 
NIP  6  NIP  6  NIP  6  EO3  9.5  WBM4  10.02  EBM2  5.86 
CC2  10.27  LMW2  7.31  EO3  9.5  ELP  9.3  LP4  9.54  LP4  9.54 
WBM4  10.02  NLM2  4.3  COW2  8.84  LP4  9.54 
       
LP4  9.54  RR2  7.75  WOW2  9.88 
           
   
CC2  10.27  WBM4  10.02 
           
   
WBM4  10.02  LP4  9.54 
           
   
LP4  9.54 
               43 
 
Table 5.1.3 Nitrate concentration at different locations before and after ATI flow 
started 
 
time  10/20/2011 (Pre ATI)  11/14/2011 (Post ATI) 
Location  mg/L  mg/L 
NIP  10.54  22.00 
LMW2  9.63  13.34 
NLM2  6.97  10.71 
EO3  6.79  6.45 
COW2  5.08  6.31 
WOW2  4.70  6.11 
EBM2  4.78  6.14 
LP4  3.65  5.51 
 
Temperature 
On November 14th, 2011 the maximum air temperature in north Albany was 11.6 
°C and the minimum temperature was 3.3 °C. The influent water from AMWRF 
had an average temperature of 18.1 °C and ATI Wah Chang had an average 
temperature of 15.7 °C. After mixing the water at the NIP, it had a temperature of 
16.3 °C. Temperature along the flow path decreased significantly, especially along 
the flow paths with long residence time. For example, temperature decreased 
from 16.3 °C to 11.5 °C along flow path C. Table 5.1.3 shows the temperature 
changes tracked on 14th November, 2011.  
Table 5.1.4 Temperature at sample locations in 14th November, 2011 
 
 
Flow Path A  Flow Path B  Flow Path C  Flow Path D  Flow Path E  Flow Path F 
NIP  16.3  NIP  16.3  NIP  16.3  EO3  14.00  WBM4  12.00  EBM2  11.4 
CC2  13.1  LMW2  15.30  EO3  14.00  ELP  12.90  LP4  11.90  LP4  11.90 
WBM4  12.00  NLM2  17.80  COW2  12.50  LP4  11.90         
LP4  11.90  WBM4  12.00  WOW2  11.50             
    LG4  11.90  WBM4  12.00             
        LP4  11.90             44 
 
The November sampling allowed some identification of wetland flow patterns by 
following constituent concentration profiles over time. The total residence time 
of the wetland was found to be between 3 to 4.7 days, but is expected to shorten 
as steady flow and constant pond levels are established.  Along the flow paths, DO 
increased because of exposure to the atmosphere as well as mixing at the weirs. 
Nitrate concentration increased significantly when ATI began its water flow, but 
there also appears to be evidence of nitrogen removal within the wetland. 
Temperature was found to decrease significantly as the water passed through the 
wetland, as was anticipated in the wetland design. 
5.1.2  December Sampling Event 
In order to observe the transient conductivity and nitrate change in a single pond, 
an intensive sampling was carried out on 12th December from 7:00 am to 5:00 
pm. The sampling was timed to coincide with an anticipated step increase in ATI 
influent conductivity in the hope of interrogating the flow dynamics in the North 
Lumber Mill Pond.  However, the anticipated conductivity step increase did not 
occur, so the data gathered was less dynamic than expected, but still of interest.  
This sampling event was only carried out in North Lumber Mill Pond. The first 
sample location was LM2, the influent for NLM. The second sample location was 
NLM2, the effluent of NLM.  The sample locations are shown in Figure 5.1.4.The 
flow rates for North Lumber Mill Pond are shown in Table 5.1.5 and a plot of flow 
rates versus time is shown in Figure 5.1.5. Based on CH2M Hill’s design, the 
volume of NLM is estimated to be 3200 m3.  The flow leaving the pond is less than 
the flow entering the pond indicating potential exfiltration to groundwater 
occurring during transport through the pond. However, the data may only reflect 
the time delay in the diurnal inputs to the system that are offset by different 
retention times. In other words, the flow increase at LM2 may not yet be fully 
realized during the sampling period at NLM2. A more dynamic concentration 45 
 
perturbation followed through the pond will be required to quantify potential 
exfiltration rates. 
 
Table 5.1.5 Intensive Sampling Flow Rate 
 
Time 
LM2 Flow Rate 
(OSU 
Measured) 
(MGD) 
NLM2 Flow 
Rate (OSU 
Measured) 
(MGD) 
7:00  0.49  0.41 
7:30  0.48  0.41 
9:00  0.55  0.50 
10:30  0.69  0.55 
11:30  0.74  0.60 
13:00  0.78  0.73 
14:00  0.86  0.62 
15:30  0.92  0.76 
16:30  0.95  0.82 46 
 
  
 
Figure 5.1.4 Sample Location in NLM: LM2 was the influent; NLM2 was the 
effluent 47 
 
 
Figure 5.1.5 Flow rate measured at influent and effluent of NLM (December 12, 
2012) 
 
The influent of AMWRF ranged from 3.5 MGD to 5.9 MGD while ATI ranged from 
2.3 MGD to 3.8 MGD. These flow rates apply only to the ten hour sampling period 
in December and don’t necessarily correlate with the pond flows due to residence 
time and flow split differences. The flow rate in NLM steadily increased during 
the sampling period and ranged from 7% to 13% of total flow in TWG. North 
Lumber Mill residence time based on the measured flow and estimated volume 
was about 0.7 days to 1.6 days, with an average of 1.0 days.  
Conductivity  
Conductivity was measured every 0.5 hour at LM2 and NLM2. ATI Wah Chang 
provided the influent ATI Wah Chang water conductivity. Once ATI water flows 
into the wetland, it is diluted by water from AMWRF at the North Influent Point 
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(NIP). ATI water conductivity ranged from 5600 to 6600 µs/cm during the 
sample period and AMWRF water conductivity averaged approximately 400 
µs/cm.  Figure 5.1.6 shows influent conductivity is lower than effluent 
conductivity and decreases over the duration of the sampling period. The most 
likely reason for the observed drop would be a similar drop in influent 
conductivities.  The influent data shows a consistent drop over time, but the 
response may be delayed by residence time such that we see a partial decrease in 
the influent data and the effect did not reach the effluent point by the end of the 
sampling event.  Since NLM has an approximate residence time of one day, 
conductivity measured at the effluent point was water from the day before. To 
show an accurate representation of influent and effluent comparison, there must 
be an approximate twenty four hour lag time between the measurements. The 
conductivity trend in LM2 is closely related to the total conductivity input from 
ATI Wah Chang, but the conductivity trend in NLM2 is offset in time by 
approximately 24 hrs.  49 
 
 
Figure 5.1.6 Conductivity changes on December 12th, 2011 
The fraction of ATI and Albany flow in flow path B was calculated based on ATI 
conductivity, Albany conductivity and measured conductivity in the flow path 
using Equation 5.1.1   
                                                                                                         Equation 5.1.1 
                    
Where: 
fATI is flow rate of ATI, fALB is the flow rate of Albany, and fM is the flow rate in the 
flow path measured by OSU,  
CATI is the conductivity of ATI water, CALB is conductivity of AMWRF water, and CM 
is conductivity measured in the flow path by OSU. 
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Eq. 5.1.1 was used to calculate the influent mixture in NLM which is compared 
with design ratios from CH2M Hill in Table 5.1.6. 
Table 5.1.6 Average LM2 Flow rate & average NLM2 Flow rate 
 
Location 
Calculated Flow (%) Based on 
Measured Conductivity 
Designed Flow (%) 
  ATI  Albany  ATI  Albany 
LM2  62  38  74  26 
NLM2  75  25  74  26 
 
Ammonia and nitrate level 
Ammonia and nitrate samples were analyzed by ATI Wah Chang using the 
colorimetric method. The average air temperature on the 12th December, 2011 
was 2°C. The average water temperature in TWG was 9.9 °C. Ammonia level 
remained almost constant at 1.0 mg-N/L level and nitrate remained stable at 
11.0±0.40 mg-N/L. 
5.1.3  Fluorescent Tracer Test 
From 10th to 13th of May, 2012, a tracer test was conducted at TWG. Rhodamine 
W.T. is a commonly used pink fluorescent tracer in water resources studies. 
Rhodamine W.T. powder was dissolved in DI water to an approximated 
concentration of 18.5 g/L and added into ATI influent flow to observe flow paths 
and estimate flow splits and residence times within the wetland.  
Input concentration 
Intensive samples were taken after Rhodamine W.T solution was added to the 
ATI influent just prior to the NIP. The peak concentration measured in the ATI 
influent leaving the NIP was 3,300 µg/L. Figure 5.1.7 shows the concentration 51 
 
trend in the 1st hour after tracer addition. The tracer was visibly cleared from the 
ATI influent stream within 10 minutes of addition to the vault.  
 
Figure 5.1.7 First hour tracer concentration at NIP 
The average input concentration was obtained by integration of the area under 
the concentration curve divided by an average spike input time of 10 minutes. 
The average input concentration of Rhodamine W.T in ATI water was 2250 µg/L.  
There are three influent points in TWG that contain different mixtures of ATI and 
AMWRF flow. The designed split ratio of flow rates from both sources at three 
influent locations is shown in Table 5.1.7. The average influent concentration 
after mixing with water from AMWRF will be significantly lower than the 2250 
µg/L value estimated from the ATI influent data. 
Table 5.1.7 Estimated split ratio and concentration after mixing at influent points 
 
 
AMWRF  ATI  Concentration (µg/L) 
NIP  14.9%  42.0%  1100 
EO  30.4%  33.3%  610 
SIP  54.7%  24.6%  300 
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After mixing, NIP had an estimated average influent concentration of 1100 µg/L. 
EO had an average influent concentration of 610 µg/L and SIP had an average 
influent concentration of 300 µg/L. 
Concentration on each flow path 
Samples taken as the tracer traveled through the wetland reveal the tracer travel 
profiles in each flow path. The breakthrough curves on each flow path are shown 
in Figure 5.1.8 to 5.1.12. The curves indicating peak concentration breakthroughs 
are only for visual aids. 
 
 
 
Figure 5.1.8 Breakthrough curve on Flow Path B 53 
 
 
Figure 5.1.9 Breakthrough Curve on Flow Path C 
 
Figure 5.1.10 Breakthrough curve on Flow Path D 54 
 
 
Figure 5.1.11 Breakthrough curve on Flow Path E 
 
Figure 5.1.12 Breakthrough curve on Flow Path F 55 
 
Residence times throughout the wetland can be estimated based on times 
corresponding to peak signals at each weir structure (Table 5.1.8). 
Table 5.1.8 Peak signal time summary at each weir structure 
 
Weir Location  Peak Time (hour) 
LM2  2 
NLM2  4 
RR  24 
EO2  12 
CO2  34 
WO2  40 
ELG  17 
EBM2  10 
WBM4  44 
LP4  44 
 
Using the peak signal and corresponding times, residence time in some ponds can 
be estimated. Table 5.1.9 compares the residence time measured in this tracer 
test and designed residence time estimated using the November average flow 
rate.  
Table 5.1.9 Measured and estimated residence time in each pond 
 
Pond  Residence Time 
(hour) 
Designed Residence time 
(hour) 
LM  1  28 
NLM  3  20 
RR  23  36 
EO  13  42 
CO  20  19 
WO  9  14 
ELG  5  98 
EBM  20  47 
WBM 
 
26 
LP 
 
49 
 56 
 
For ponds where the weir structure is too close to the influent point (LM) or 
those receiving multiple inputs with mixing processes (WBM and LP), it is hard to 
detect the residence time based on the peak signal. The measured residence 
times were much lower than designed values possibly due to dead zones which 
reduce the active volume. 
Nitrogen Concentrations 
The nitrogen species measured during the tracer test were ammonia and nitrate. 
Nitrogen samples were taken at the weir structures closest to the influent points 
and at the effluent point from TWG. Influent sample locations were LM, EO and 
EBM and the effluent sample was taken from LP. Ammonia concentration was 
very low and did not change significantly over the sampling period (Table 
5.1.10). 
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Table 5.1.10 Ammonia concentrations at influents (LM2, EO3, EBM) and effluent 
(LP4) points in TWG 
 
LM2  time (hr)  concentration (mg-N/L) 
  0  0.8 
  12  0.9 
  24  1 
  36  1 
  48  1 
EO3  time (hr)  concentration (mg-N/L) 
  0  <0.5 
  12  0.5 
  24  0.8 
  36  <0.5 
  48  0.6 
EBM  time (hr)  concentration (mg-N/L) 
  0  <0.5 
  12  <0.5 
  24  <0.5 
  36  1 
  48  <0.5 
LP4  time (hr)  concentration (mg-N/L) 
  0  <0.5 
  12  <0.5 
  24  <0.5 
  36  <0.5 
  48  <0.5 
 
Nitrate input was dynamic. Due to different split ratios of AMWRF to ATI flow at 
the different influent points, nitrate concentrations at EBM, EO and LM were 
different (Figure 5.1.13) 58 
 
 
Figure 5.1.13 Nitrate concentrations at different influent points 
Nitrate concentrations were measured at the wetland effluent point, LP, and 
compared to a calculated value based on measured influent concentrations and 
flow splits (Table 5.1.11) 
Table 5.1.11 Nitrate concentration at LP 
 
time (hour)  measured (mg-N/L)  calculated (mg-N/L) 
0  6  12.00 
12  7  11.39 
24  8  12.43 
36  8  12.00 
48  8  10.72 
The residence time of the wetland is approximately 45 hours based on the tracer 
test. The calculated nitrate concentration at time 0 is 12 mg-N/L. At Hour 48 the 
measured effluent was 8 mg/L indicating removal of 4 mg-N/L during the 48-
hour residence time in the wetland. Combining this with average flow value 
indicates that potential removal of 125 kg-N/day in the wetland.  
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  Model Results  5.2
5.2.1  Model Parameters 
In order to test the reliability and accuracy of the model, the tracer test was 
simulated by the model. Some model parameters were taken from the 
experimental data. They are put in place to reflect the real conditions of the 
wetland as accurately as possible.  The reaction rate constants for all reactions 
were set to be zero because Rhodamine W.T. is nonreactive over seven days. The 
hourly flow rate provided by ATI and AMWRF allowed the total influent flow rate 
to be calculated. The average daily flow rate during the sample period was used 
in the model. 
 The split between the influent points was determined using the tracer and 
residence time in the underground pipe. Pipe dimensions between the NIP and 
SIP as well as dimensions for the pipe between NIP and EO were provided by the 
City of Albany. The diameter for the pipe between the NIP and the SIP is 30 
inches and it is 1375 ft long. The diameter for the pipe between the NIP and EO is 
24 inches and it is 600 ft long. The tracer test showed that it takes 18 minutes for 
water to travel from the NIP to the SIP, it also showed that it takes 7 minutes for 
water to flow from the NIP to EO (Table 5.2.1). These measurements provide 
enough information to calculate a flow rate for the three influent points.  
 
 
 
Table 5.2.1 Flow rate of influent points 
 
NIP to SIP 
 
NIP to EO 
 
NIP 
 
d (inch)  30.0  d (inch)  24.0  Flow (MGD)  1.26 
length (ft)  1375.0  length (ft)  600.0 
   
time (min)  18.0  time (min)  7.0     
SIP Flow (MGD)  4.04  EO Flow (MGD)  2.90 
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With known flow rates and residence time from field experiments, the active 
volume in each pond can be estimated (Table 5.2.2). The residence time in each 
pond was estimated from the tracer peak at the outlet weirs. 
Table 5.2.2 Active volume and design volume of each pond 
 
  Design Volume (m3)  Active Volume (m3) 
LMW  7647.59  273 
NLM  3207.05  560 
RRW  5674.02  4560 
EOW  15048.48  5938 
COW  6414.11  4568 
WOW  4687.23  2055 
WBM  24422.94   
EBM  13074.91  12726 
LP  13568.30   
ELP  2466.96  1142 
CC+WW  740.09  500 
 
Most design volumes and active volumes are on the same magnitude. NLM is the 
pond has a very small active volume. Only a quarter of the design is functioning in 
NLM. Large stagnant eddies may be the reason for a low active volume. 
Infiltration rate is not accounted for in this simulation of the tracer test.  61 
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Figure 5.2.1 Model Comparison in different ponds, a. LM; b. NLM; c. RR; d. EO; f. 
CO; g. WO; h. EBM; i. WBM; g. LG 
 
The graphs in Figure 5.2.1 are comparisons between the model simulations and 
the experimental data. The predicted concentration and the breakthrough curve 
of the experiment are very similar.  The peaks of concentration on the 
experimental data and the model data are on the same magnitude and occur at 
approximately the same time. The model more closely resembles the 
experimental data in weir structures where there is only one influent source. This 
is because at weir structures where there is more than one influent point mixing 
and a variation of residence time between flow paths causes the data to become 
less predictable. These graphs support the relationship between the model and 
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the wetlands. The model is able to predict the general trend of water flow within 
the wetland.  
Figures 5.2.2 to 5.2.6 show the concentration of the tracer changing on each flow 
path. On Flow Path B, C and D there is significant mixing at the same time as the 
model predicted. However on flow paths that consist of only big ponds (Flow 
Path E and Flow Path F) dispersion and mixing are not captured by the model 
well. With experimental measured flow splits at the influent points, the effluent 
on flow paths consist of bigger ponds has a higher effluent concentration over 
model predictions. Table 5.2.3 summarizes the peak tracer concentration in the 
model and experiments.  
Table 5.2.3 Peak concentrations in experiments and models 
Location  Experiment 
(µg/L) 
Model 
(µg/L) 
LM2  15.10  20.2 
NLM2  4.9  20 
CC  3.5  5.3 
ELP  6.4  2.8 
EO  6.4  8 
CO   3.3  3.2 
WO  2.9  2.9 
EBM  3.5  1 
WBM  2.2  1.6 
LP  2.4  0.9 
 
As individual ponds, LM, NLM, CC and EO have lower concentration measured 
than the model simulation. CO and WO have the same concentration as the model. 
The other ponds have higher concentration than the model predicted. This may 
be caused by different tracer splits at the influent points or different magnitude 
of mixing process and dispersions. 
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Figure 5.2.2 Model and experimental result comparison on Flow Path B 
 
Figure 5.2.3 Model and experimental result comparison on Flow Path C 
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Figure 5.2.4 Model and experimental result comparison on Flow Path D 
 
Figure 5.2.5 Model and experimental result comparison on Flow Path E 
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Figure 5.2.6 Model and experimental result comparison on Flow Path F 
5.2.2  Model Sensitivity Analyses 
The model can simulate not only tracer transport processes but also nitrogen 
species transformation. The model is designed to simulate a dynamic system with 
various flow rates, input concentrations, reaction rate constants and various 
temperatures. The sensitivity analyses will show the model change with 
parameter variations. With dynamic flow it is difficult to predict intuitively the 
effluent concentration trend of nitrogen species. Reaction rate constants 
determine how fast the nitrogen species can be transformed or removed from the 
system. Temperature changes will affect reaction rate constants. In order to 
estimate the effect of those dynamic parameters, sensitivity analyses were 
carried out. 
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AMWRF receives municipal input from city of Albany and Millersburg. The flow 
rate is diurnal. In the model, the dynamic input flow is represented by a 
combination of sine and cosine functions of time. The minimum simulated 
dynamic input flow rate is 0.5 MGD and the maximum is 1.9 MGD on Flow Path B. 
All other parameters remain the same except for flow rates. Time scale is from 0 
to 5 days. Reaction rate constants remain at zero because an unreactive tracer is 
introduced to the system. Figure 5.2.7 shows the comparison of effluent 
concentrations under constant flow and dynamic flow in the first CSTR in LM. 
 
Figure 5.2.7 Effluent concentration of the First CSTR in LM under Different Flow 
Under dynamic flow, the effluent concentration of the CSTR has a lower peak 
value compared with constant flow, but the spike lasts a longer time.  
Reaction Rate Coefficient 
Nitrogen species transformation involves nitrification and denitrification. The 
nitrogen transformation processes requires carbon supplies as the energy source 
of the reaction. It is also the limiting factor in the current system. Denitrification 
is an anoxic process. High DO level in water and soil sediments will inhibit the 
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reactions. However, DO level in soil sediments and microorganism concentration 
is not known in the system. Given that the nature of the system is dynamic it is 
very difficult to measure those variables.  
Reaction rate constants in the simulation are obtained from literature with 
similar settings. At 20 °C, ammonia to nitrite transformation rate constant is 0.1 
day-1, nitrite to nitrate transformation rate constant is 0.07 day-1, and nitrate to 
nitrogen gas transformation rate constant is 0.1 day-1. The temperature 
correction factors for three reactions are 1.1. The calculation of reaction rate 
constants under a different temperature is shown in Equation 5.2.1. 
                                                                                                                 Equation 5.2.1 
Summer temperature is set to be 25°C and winter temperature is set to be 5°C. 
From Day 2 to Day 7 there is a spike input of ammonia 8 mg-N/L, nitrite 3 mg-
N/L and nitrate 15 mg-N/L. Figure 5.2.8 shows a comparison of effluent nitrate 
concentration of the entire wetland in summer and winter reactions. The curve of 
a non-reactive situation is provided to show the removal rate in winter. At low 
temperature, removal is limited. 72 
 
 
Figure 5.2.8 Nitrate concentration with temperature dependent rate coefficients 
 
Carbon Supply 
Another factor that affects the nitrogen removal rate is carbon supply. The 
addition of a carbon substrate to the wetland resulting in increased 
denitrification was simulated by doubling the denitrification reaction rates. All 
other parameters remain the same. Figure 5.2.9 shows that once reaction the 
reaction rates were doubled, peak concentration of nitrate in effluent are 
lowered. The dynamic nature of nitrogen input into the wetlands is dampened as 
well.  
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Figure 5.2.9 Comparison of nitrate concentration with and without carbon supply 
 
The model is capable of representing the nitrogen species transformation 
processes and any form of tracer test. The active volumes in each pond are 
validated by the tracer test. The active volume of each pond is needed to calculate 
nitrogen removal. The model can detect changes in flow rate, temperature and 
reaction rate constants. One advantage of the numerical model is that it can 
recreate the dynamic nature of the nitrogen concentrations as well as flow rate. . 
The dynamics of the system are mimicked successfully. In general, the model is a 
good representative of the system because of its ability to take dynamic variables 
as well as seasonal changes into account.  74 
 
6.  Conclusions 
The wetland flow rate is dominated by AMWRF; usually it is 2.5 times higher than 
the ATI flow rate. At the beginning stage of wetland flow, infiltration was severe. 
Only 40% of the influent flow is gathered in the final effluent. The ponds were 
approximately half-filled before ATI started flow. It took 3-4.7 days to fill the 
remainder and travel through the wetland. At the beginning stage of ATI flow, 
both conductivity and nitrate concentration increased significantly. Dissolved 
oxygen level continually increased along the flow path because of the extended 
exposure to the atmosphere. Because the ambient air temperature is lower than 
the aquatic temperature, water temperature decreases along the flow paths. On 
average the wetland lowers the effluent water temperature by 6°C during a single 
residence time in November. After 10 days of ATI flow, nitrate levels in the whole 
wetland significantly increased.  
The pilot scale test in December, 2012 shows the split ratio over the weir 
structure, LM2, is higher than the design value. Ammonia and Nitrate 
concentration remains constant during the 10 hour sample period. This means 
that there was no nitrogen removal in NLM pond. In this sampling event, the 
conductivity mass balance was reached.  
The tracer test was able to provide the residence time of each pond in TWG. The 
residence times vary slightly from the designed residence times; however 
stagnant zones in NLM pond occupy the majority of the volume of the pond. The 
experimental data from this test allowed the model to be validated. Nitrate 
concentrations were more dynamic in this measurement. Ammonia 
concentrations remain low and constant.  
The model simulation of the tracer test is highly consistent with the experimental 
data taken from the tracer test preformed on the entire wetland. The peak 
concentrations of the tracer from the model and experimental data were on the 75 
 
same magnitude. Generally the model’s peak concentration is lower than the 
experimental data in larger ponds because the model predicts more mixing 
process than that occurs normally within larger ponds. When modeling the 
degradation of ammonia, nitrite, and nitrate, the model is temperature sensitive. 
In summer, the nitrogen removal rate is significantly higher than in winter. The 
winter curve is almost the same as the tracer breakthrough curve, which means 
that there is almost no transformation taking place.  
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